Abstract. The Linac Coherent Light Source (LCLS) Project will be an x-ray free-electron laser. It is intended to produce pulses of 800-8,000 eV photons. Each pulse, produced with a repetition frequency of up to 120 Hz, will provide >10 12 photons within a duration of less than 200 femtoseconds. The project employs the last kilometer of the SLAC linac to provide a lowemittance electron beam in the energy range 4-14 GeV to a single undulator. Two experiment halls, located 100 m and 350 m from the undulator exit, will house six experiment stations for research in atomic/molecular physics, pump-probe dynamics of materials and chemical processes, x-ray imaging of clusters and complex molecules, and plasma physics. Engineering design activities began in 2003, and the project is to be completed in the middle of 2010. The project design permits straightforward expansion of the LCLS to multiple undulators.
Introduction
A free-electron laser (FEL) is a device for producing coherent radiation from a high energy electron beam [1] . It has some similarity to an undulator source of synchrotron radiation, but whereas undulator radiation derives from electrons that are randomly spaced (on a scale of the radiation wavelength) the FEL incorporates a mechanism for longitudinal bunching of the electrons with the same period as the radiation (microbunching), so that the radiation emitted by the electrons is coherent [2] . The microbunching is driven by the radiation field itself, bathing the electrons as they move through the undulator at relativistic speed. In order for the microbunching to be effective, the electrons and radiation field must couple well. In particular, the emittance of the electron beam must match the emittance of the diffraction-limited coherent radiation field. This condition can be achieved for micrometer-wavelength radiation using electrons in a low-emittance storage ring, but even the large third-generation light source rings cannot support FEL action at x-ray wavelengths.
It is possible in principle to achieve the necessary conditions for an x-ray FEL using a high-energy linear electron accelerator. In 1992 it was first pointed out that the linear accelerator at the Stanford Linear Accelerator Center (SLAC) should be capable of driving an x-ray FEL [3] . Interest in this idea has grown, and has resulted in a project called the Linac Coherent Light Source (LCLS) [4, 5] .
The LCLS will utilize one third of the 3-km SLAC linac to accelerate an extremely bright electron pulse. During a single pass through a long (100m) undulator, this pulse will initiate FEL action at the undulator fundamental wavelength, which will be tunable between 15 Å and 1.5 Å. The FEL will operate in Self-Amplified Spontaneous Emission (SASE) mode, meaning that the FEL radiation field will arise from amplification of the spontaneous undulator radiation created at the start of the long undulator.
Due to the extremely short and bright electron pulse, and due to the exponential FEL amplification, the radiation produced by the LCLS will have unique properties. Its peak brightness will be about ten orders of magnitude greater than that of a third-generation synchrotron light source, its pulse length will be about three orders of magnitude shorter, and it will exhibit complete spatial coherence. These properties offer unprecedented opportunities in many fields of science. Table 1 lists basic performance goals that guide the design of the LCLS Project. The goals were chosen to be achievable in early operation, and to serve as a basis for planning early-phase experiments. Nominal performance parameters were based on production and acceleration of a 1 nanocoulomb pulse of charge, compressed from 100 amperes and 10 picoseconds to 3,400 amperes and 230 femtoseconds FWHM. Recently it has been determined that 10 12 8 keV photons per pulse can be produced from a 0.2 nanocoulomb, 80 femtosecond electron bunch. This low charge operating configuration demonstrates that the LCLS design goals can be reached in a wide range of linac configurations. With 10 12 photons delivered in a single pulse, it will be possible to directly observe the evolution of atomic, molecular and materials properties and transitions with femtosecond-scale temporal resolution. As of June 2007, the LCLS is well into major construction. The project is more than 50% complete, and is on schedule to begin ultra-fast x-ray experiments in mid-2009. One critical component of the LCLS facility, the laser-photocathode electron injector, is already into commissioning. Recent measurements of the electron beam emittance indicate that the injector could now support FEL operation through the design range of the LCLS. This emittance must be preserved, of course, through the accelerator, electron transport and undulator
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Photon beam systems overview
Referencing Fig. 1 , downstream of the undulator and electron beam dump is the front-end enclosure (FEE), 35 meters in length, followed by the first experiment hutches in the Near Experiment Hall. The distance from the end of the undulator to the start of the FEE creates a 79 meter drift path for the x-ray beam. This drift path will allow the natural divergence of the beam (it is diffraction-limited) to reduce the peak power levels experienced by the first optical elements. The first beam-conditioning elements in the FEE will be a set of adjustable slits and an attenuator system. The attenuator will include a nitrogen gas cell for low-energy x-rays (up to about 2 keV) and a set of solid attenuators for high- energy X-rays. Low-pressure gas cells before and after the attenuator section will non-destructively monitor the x-ray pulse energy. The Front End Enclosure (FEE) will also house the commissioning diagnostics for the FEL. A wide-field camera observing a scintillator can be inserted directly into the path of the spontaneous radiation or the attenuated FEL beam. Calculations of the FEL and spontaneous radiation pattern [6, 7] have been used to predict the signal levels detectable with this imaging system. The highly-collimated SASE beam will be easily distinguishable from the background spontaneous radiation in this imaging detector.
For precise pulse energy measurements during commissioning, a fast-responding cryogenic calorimeter concept is under development. The x-ray pulse energy will be deposited in a silicon absorber, and the pulse energy determined by measuring the temperature rise at the back of the absorber as the energy dissipates. The calorimeter will be used to accurately calibrate the two gas detectors upstream.
Downstream of the commissioning diagnostics, two sets of grazing incidence mirrors are used to direct the x-ray beam into one of the beamlines leading to the experimental stations. The mirror system will also serve as a low-pass filter to prevent Brehmsstrahlung background and the "hard" component of the spontaneous radiation spectrum from entering the experiment halls. One set of mirrors with cut-off energy of 2 keV will direct x-rays into a soft x-ray beamline. Another pair of mirrors with cut-off energy of 25 keV will direct the beam into a hard-x-ray beamline.
Just downstream of the FEE is the Near Experiment Hall (NEH), which will house three experimental stations in x-ray hutches. The hutches are arranged in series; the x-ray beam must pass through the upstream hutches to be used in a downstream hutch. Three hutches having dimensions 9.5m wide by 10 m along the beam path are located in the NEH. The generous width of these hutches will permit the later installation of a second undulator which would deliver x-rays to the Near Experiment Hall while the original LCLS beam is passed through to the Far Experiment Hall (FEH), located 200 m beyond. The FEH will house three experiment hutches, roughly 10 m wide by 10 m long. The x-ray mirrors in the FEE, and additional mirrors and diffracting crystals located in the NEH and in the transport tunnel to the FEH, will allow the FEL beam to be quickly re-directed from one experimental station to another, without moving experimental apparatus. The use of semi-transparent thin diffracting crystals will allow the simultaneous use of hard x-ray pulses by two or even three experimental stations.
Soft x-ray atomic physics instrument
The LCLS includes a soft x-ray atomic physics experiment station within the Project scope. It is located in the Near Experiment Hall. The goal of the LCLS atomic physics program is to explore the fundamental building block associated with an intense x-ray beam interacting with normal matter. This virtually unexplored arena of the light-matter interaction requires an instrument capable of interrogating the multitude of possible events initiated by the photofragmentation of even the simplest isolated system by an x-ray beam. Understanding these processes through well matched instrumentation will provide an essential roadmap for deciphering the behavior of more complex materials, e.g. biomolecules.
One aim of the AMO science team is to exploit the high peak power of the LCLS photon beam to explore the effects of multiple x-ray photon absorption on the simplest forms of matter; atoms, molecules and clusters. Absorption of two or more x-ray photons by these tenuous targets will produce ionic states that cannot be accessed by the absorption of a single photon. Detection of the energy and ejection directions of electrons, ions and fluorescence photons from the samples will provide the means to study these multi-photon processes in detail. To ensure the photon power density required to drive multiphoton processes in low density gas phase samples, the LCLS photon beam will need to be demagnified by approximately 100× using refocus optics. The 1-2 µm beam focus used in combination with the ≤10 4 × power attenuator in the front-end enclosure (FEE), will provide a means to investigate the power density dependence of the multiphoton processes, knowledge that will eventually form the basis of a non-destructive diagnostic for measuring the photon beam power for each shot of the LCLS. These experiments will initially be performed using the 0.8-2.0 keV soft x-ray "side-branch" in the near hall, but could also eventually utilize the higher photon energies available on the hard x-ray line.
LUSI project
The scope of the LCLS Ultra-fast Science Instruments (LUSI) project is to design, build, and install at LCLS three hard x-ray instruments that will exploit the unique scientific capability of this new facility. As the science programs advance and new technological challenges appear, instrumentation needs to be developed and ready to conquer these new opportunities. These three LCLS instrument concepts are being developed in close consultation with the scientific community through a series of workshops, conferences and focused review committees. In particular, the three LUSI project instruments have been identified as meeting some of the most urgent needs of the scientific community in supplementing the capabilities of the initial LCLS instrument based on the advice of the LCLS Science Advisory Committee.
LUSI plans to build three instruments over a period of six fiscal years (FY2007 -FY2012). One of these instruments will be optimized for hard x-ray studies of ultra-fast dynamics at the atomic level, addressing basic problems in chemistry and materials science. The second instrument will concentrate on hard x-ray coherent imaging of nano-particles and large biomolecules (non-periodic imaging). The third instrument will use hard x-rays to study nano-scale dynamics using x-ray photon correlation spectroscopy. This instrumentation will complement the other instrument at LCLS, which is directed towards atomic physics.
A brief description of the three LUSI instruments is as follows: 
X-ray pump-probe instrument
The X-ray Pump-Probe Instrument (XPP) will predominantly use a fast optical laser located in the 2 nd floor of the NEH to generate transient states of matter and the hard x-ray pulses from the LCLS to probe the structural dynamics initiated by the laser excitation. The laser pump will have the ability to conduct precise optical manipulations, in order to create the desired excited states.
Coherent x-ray imaging instrument
The Coherent X-ray Imaging Instrument (CXI) will take advantage of the extremely bright, ultra-fast LCLS pulses of hard x-rays to allow imaging of non-periodic nano-scale objects, including single biomolecules or small clusters, at or near atomic resolution.
X-ray correlation spectroscopy instrument
The X-ray Correlation Spectroscopy Instrument (XCS) will take advantage of the unique opportunity provided by the unprecedented brilliance and narrow pulse duration of the LCLS to observe dynamical changes of large groups of atoms in condensed matter systems over a wide range of time scales using X-ray Photon Correlation Spectroscopy (XPCS).
Future Prospects
The LCLS will bring researchers to the frontiers of atomic physics, chemistry, materials, fluids, plasmas and molecular biology, with high likelihood for breakthrough discoveries in each of these disciplines. Employment of the SLAC linac and associated facilities provides the most direct, expedient and cost-effective way to begin scientific research with an x-ray FEL. As the LCLS science program matures, the expansion of the capabilities and capacity of the LCLS beyond its initial configuration will follow a natural evolution. As experience with operations is accumulated, it will be possible to implement fast switching of a single x-ray beam to several endstations, allowing simultaneous experiments. Experimental evidence and simulation indicate that x-ray pulses in the range of 10 fs can be achieved by careful tuning of the LCLS. A simple and elegant technique for producing pulses in the range of 1 femtosecond and below has been proposed [8] , which is easily and cheaply adapted to the LCLS. The technique involves the controlled degradation of emittance in the head and tail of each bunch as it passes through a thin slotted foil at the high-dispersion point of the chicane bunch compressor. Only that part of the bunch passing through the slot will have emittance small enough for SASE. Sub-femtosecond x-ray pulses should be attainable in this way.
Zholents [9] has proposed a technique for producing ~1 micron long, >10,000 ampere current spikes within the LCLS bunch. The spikes are produced when a laser pulse is made to overlap and interact with the LCLS electron bunch in a special wiggler magnet just downstream of LCLS Bunch Compressor 2. The interaction could be controlled to produce single 200 attosecond x-ray pulses in the LCLS output. This "enhanced SASE" (ESASE) scheme will increase peak power considerably within the shortened x-ray pulse. This high peak current could also enable SASE at wavelengths much shorter than 8 keV with an appropriately designed undulator of reasonable length.
Beyond these improvements, a very wide range of options for expanding the capabilities of the LCLS has already been considered [10] , including SASE at 40 keV and beyond, extremely high power at wavelengths longer than 1.5 nm, and self-seeding. Experience in commissioning and operation of the LCLS will enable the identification of the most promising options for upgrade. Of course, demand for a broader range of capabilities will create a need for additional undulator beamlines and experiment stations.
The LCLS is designed to meet future need for expansion. The first step in an expansion will likely be the addition of a second undulator alongside the first. This can be accomplished so as to preserve the initial investment in hardware and civil construction associated with the LCLS baseline project. Xrays from the second undulator could be made available in the Near Experiment Hall while the original LCLS undulator provides x-rays to the Far Experiment Hall. Layouts have been developed for expansion to six undulators, each capable of supporting a "hard" x-ray FEL source and several experiment stations. This expansion would require the construction of four additional undulator halls, fanning out to ±2 degrees and ±4 degrees in relation to the "0 degree" undulator hall of the LCLS Project. The Near Experiment Hall is placed to intercept the +2 degree line, providing space for its experiment stations. These bend angles were chosen to make use of transport line components identical to those used for the LCLS Project which were designed to minimize coherent synchrotron radiation effects. The larger bend angles are realized by reversing the sign of selected bend magnets. "Soft" x-ray sources do not place such stringent demands on the quality of the electron beam, and could be implemented either by re-use of the electron beams downstream of a "hard" x-ray undulator or by construction of new beam paths outside the ±4 degree fan.
Electron beams could be distributed to these undulators by the LCLS linac. This distribution could be achieved by AC magnets that, for example, provide pulses to six undulators at 120/6= 20 Hz. Alternatively the SLAC linac can accelerate many bunches per linac pulse; indeed it has produced average electron beam powers of nearly 500 kW. These bursts of bunches could be delivered to a single experiment station or distributed to several stations using RF deflectors. Thus each undulator source would operate at 120 Hz.
When the PEP-II B-Factory run is completed in 2008, the upstream portion of the SLAC linac will become available for the expansion of the LCLS. The SLAC linac has been designed from the outset to function as three independent linacs. It is already capable of running as a single 50 GeV linac, three independent 14 GeV linacs each running at 120 Hz, or two (28 GeV and 14 GeV) 120 Hz linacs. This flexibility and energy reach can support the development of advanced FELs for decades to come.
